Introduction
Biodegradable polymers have potential applications in medicine for drug delivery and as biomaterials for implants. One example is poly lactic-co-glycolic acid (PLGA), which has been used as a tissue engineering scaffold 1,2 as well as a carrier for the delivery of proteins, drugs, and other macromolecules. [3] [4] [5] [6] PLGA is strong and biocompatible, making it potentially suitable for bone repair. However, it also has limitations such as poor hydrophilicity that could impact cell attachment, proliferation, and differentiation as well as drug release. Moreover, most PLGA degradation products are acidic and may elicit an inammatory response and inhibit osteoblast activity in bone repair.
7-9
Nanostructured materials and porous spheres have potential applications for drug delivery, healthcare, and biomedical and pharmaceutical industries. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Many physical and chemical methods have been developed to synthesize nanoparticles or porous spheres. 10, 16 Compounds of various sizes have been used as nanostructured materials and porous spheres for drug delivery and bioregulation in diverse systems for a specic purpose or disease.
10,16
Liposomes, polymer micelles/ microspheres, dendrimers, nanocapsules, and metal nanoparticles have been used as vehicles for drug delivery and bioregulation.
21-23
Nano-or micro-scale hydroxyapatite (HA) particles measure in the order of hundreds of nanometers in length and have been widely used in bone reconstruction. In contrast to plate-shaped bone apatite, HA particles are rod-shaped and appear as enamel. Nano-sized apatite particles of 20-40 nm can serve as building blocks of bone by self-assembly in a collagen matrix to produce a biomaterial that is exible, insensitive to dissolution/ growth, and possesses mechanical strength. 24 In addition, HA nanoparticle self-assembly on the surface of PLGA can create a hydrophilic environment that allows cell attachment to microspheres, which can in theory promote drug release. Furthermore, HA is a hydroxide that can neutralize the acidity of PLGA degradation products, thereby improving osteoclast function.
Microspheres have been prepared by various methods, including water-in-oil-in-water (W/O/W), [25] [26] [27] [28] [29] water-in-oil-in-oil (W/O/O), 30 oil-in-water (O/W), 31 water-in-oil (W/O), 32 solid-inoil-in-water, 33, 34 solid-in-oil-in-oil, 35 solid-in-oil-in-oil-inwater, 36, 37 and water-in-oil-in-oil-in-water 38 emulsion. In addition, many techniques for generating porous microspheres have been developed. [38] [39] [40] [41] [42] [43] [44] However, none of these approaches adequately counter the surface hydrophobicity that causes poor biocompatibility of PLGA or the acidity of its degradation products, which diminishes drug release and efficacy.
To address this issue, we developed a novel method for preparing microspheres, solid-in-oil-in-nanosuspension (S/O/ Ns), using polyvinyl alcohol (PVA) and a HA nanosuspension as surfactants. The resultant nanoparticles were used as a carrier for strontium ranelate (SR), a drug used to treat osteoporosis that acts by reducing bone resorption and increasing new bone deposition by osteoblasts. We found that drug-loaded HA-PLGA microspheres provided sustained release of SR and enhanced osteogenesis in MC3T3-E1 cells.
Experimental

Preparation of microspheres
The synthesis of microspheres is illustrated in Fig. 1 .
2.1.1 Materials. PLGA (65 : 35, molecular weight 20 kDa) was obtained from Lakeshore Biomaterials (Darmstadt, Germany). PVA (87-89% hydrolyzed, MW 31 000-50 000), HA nanoparticles, and SR were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dichloromethane and other reagents were of analytical grade.
Preparation of porous PLGA microspheres (PM).
Microspheres were prepared by double emulsion in water-in-oilin-water (W/O/W). A 1 ml volume of water deionized with different volumes of NH 4 HCO 3 (10% w/v) was added to 4 ml of methylene chloride with 250 mg PLGA. The solution was homogenized using a Powergen 700 homogenizer (Thermo Fisher Scientic, Waltham, MA, USA) for 3 min at 5000 rpm. The W/O emulsion was immediately poured into a beaker containing 200 ml of 0.1% (w/v) PVA, and re-emulsied at 200 rpm for 4 h using an overhead propeller (LR-400A; Thermo Fisher Scientic). Microspheres were separated by centrifugation aer evaporation of the solvent, washed three times with distilled water, and lyophilized in a freeze dryer, yielding the PM.
2.1.3 Preparation of 5% SR-loaded (SR-)PM. A 4 ml volume of methylene chloride was combined with 250 mg PLGA, 13.4 mg SR (freeze-dried powder), and 1 ml deionized water containing NH 4 HCO 3 (10%, w/v) and dextran (5%). The mixture was homogenized at 5000 rpm for 3 min to obtain a primary solid-in-oil (S/O) emulsion, which was immediately poured into a beaker containing a 200 ml solution of 0.1% (w/v) PVA and reemulsied at 200 rpm for 4 h using an overhead propeller. The microspheres were separated by centrifugation aer evaporating the solvent, washed three times with distilled water, and lyophilized by freeze drying to obtain SR-PM.
2.1.4 Preparation of microspheres with surface nanoparticles. A suspension was formed by adding 100 mg HA nanoparticles to 4.5 ml of an aqueous solution of 2% (w/w) PVA followed by homogenization at 2000 rpm. A 10% (w/w) PLGA solution was dissolved in dichloromethane and the solution was combined with the HA nanoparticle suspension. The resultant O/Ns emulsion was transferred to 1000 ml of 5% (w/w) sodium chloride solution at 4 C with gentle stirring (Xinhang JJ-1, Jintan Xinhang Co., Jintan, China) at 100 rpm for 2 h in order to evaporate the organic solvent. The lyophilized microspheres were rinsed with distilled water prior to storage. 2.1.5 Preparation of SR-PM with self-assembled HA nanoparticles on the surface (SR-PM-HA). A 4 ml volume of methylene chloride was combined with 250 mg PLGA, 13.4 mg SR, and 1 ml deionized water containing NH 4 HCO 3 (10%, w/v) and homogenized at 5000 rpm for 3 min to obtain the primary S/O emulsion. This was immediately poured into a beaker containing 200 ml of 0.1% (w/v) PVA and 100 mg HA nanoparticle nanosuspension (S/O/Ns); the mixture was transferred to a beaker with 200 ml of 0.1% (w/v) PVA and re-emulsied at 200 rpm for 4 h using an overhead propeller. The microspheres were separated by centrifugation aer evaporating the solvent, and washed three times with distilled water and lyophilized in a freeze dryer, yielding 5% SR-loaded PLGA microspheres with self-assembled HA (2%) nanoparticles (SR-PM-HA).
Characterization
2.2.1 Morphology. The morphology of PM, SR-PM, and SR-PM-HA was visualized by scanning electron microscopy (SEM) using a Sirion 200 instrument (FEI Tecnai, Hillsboro, OR, USA). Samples were coated with gold vapor at 5 keV under an argon atmosphere prior to scanning.
Encapsulation efficiency test.
Drug-loaded PLGA microspheres (SR-PM or SR-PM-HA; 15 mg) were immersed in 5 ml dichloromethane and centrifuged for 5 min at 12 000 rpm in order to remove the PLGA. Aer re-dissolving in 3 ml phosphate-buffered saline (PBS, pH 7.4) followed by centrifugation for 5 min at 12 000 rpm, the SR content in the supernatant was analyzed by high-performance liquid chromatography (HPLC). The efficiency of SR encapsulation in the microspheres was calculated using the following equation:
where P t is the total theoretical weight of SR and P is the total actual weight of SR encapsulated in PLGA microspheres. The value was obtained from the results of three independent experiments. SR release was measured by reversed-phase (RP-)HPLC at room temperature. A Diamonsil C18 column (250 Â 4.6 mm, 5 mm) was used as the stationary phase, whereas the mobile phase consisted of 0.2% acetic acid buffer (pH ¼ 5.5, adjusted with triethylamine):methanol(95 : 5). The eluent was monitored with an ultraviolet detector (234 nm) at a ow rate of 1. The linear response was above the concentration range of 10-200 mg ml À1 .
The limits of detection and quantication were 20.0 and 50.0 ng, respectively.
Concentrations of key elements in PM.
Concentrations of key elements (Sr for SR-PM and SR-PM-HA and P and Ca for SR-PM-HA) were determined by polarized Zeeman atomic absorption spectrophotometry (AAS) (Z-2000, Hitachi, Tokyo, Japan). SR content in SR-PM and SR-PM-HA, and SR and HA contents in SR-PM-HA were calculated.
2.2.4 Size distribution of microspheres. The average particle size and size distribution in microsphere preparations were determined with a particle size and shape analyzer (CIS-100; Ankersmid, Nijverdal, the Netherlands). Dry microsphere sample (10 mg) was placed in a quartz cuvette lled with isopropyl alcohol and measurements were made while stirring using a magnetic bar.
2.2.5 Changes in pH with PLGA degradation. PLGA microspheres (150 mg) were incubated at 37 C in vials containing 5 ml PBS (100 mM, pH 7.4) with constant shaking. A 50 ml solution of penicillin (100 U ml À1 ) and streptomycin (100 g ml À1 ) was added. The pH of the buffer was measured every 5 days using an FE20 digital pH meter (Mettler Toledo, Columbus, OH, USA). The experiment was repeated three times to obtain average pH values.
2.2.6
In vitro drug release. Drug-loaded PLGA microspheres (50 mg), including SR-PM and SR-PM-HA, were incubated at 37 C in vials containing 5 ml PBS (100 mM, pH 7.4) with constant shaking. The buffer was collected at predetermined time points and SR content was determined by RP-HPLC (as for the encapsulation efficiency test, Section 2.2.2). Three measurements were obtained for each sample to obtain average release proles.
Evaluation of MC3T3-E1 cell proliferation
MC3T3-E1 cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). MC3T3-E1 cells were cultured in a-Minimal Essential Medium (a-MEM; Gibco, Grand Island, NY, USA) supplemented with 100 mg ml À1 streptomycin, 100 U ml À1 penicillin, and 10% fetal bovine serum (all from Hyclone, Logan, UT, USA)at 37 C in a humidied atmosphere of 5% CO 2 , with the medium changed every 3 days.
The effects of PM, SR-PM, and SR-PM-HA on cell proliferation were evaluated with Cell Counting Kit (CCK)-8 (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. Cells were seeded at a density of 3 Â 10 3 per well in 96-well plates with each sample prepared in triplicate, and treated with the microspheres at a concentration of 5 mg ml À1 24 h later. CCK-8 reagent (10 ml) was added to each well and the plates were incubated for 2 h at 37 C. The optical density was measured with an ELX800 microplate reader (BioTek, Winooski, VT, USA) at a wavelength of 450 nm (650 nm for the reference).
Osteogenic differentiation of MC3T3-E1 cells
MC3T3-E1 cells (5 Â 10 5 per ml) were cultured with PM, SR-PM, or SR-PM-HA (5 mg ml À1 ) in a 12-well plate. The medium was changed every 3 days. Aer culturing in a-MEM for 3 days, the medium was replaced with osteogenic medium composed of a-MEM supplemented with 50 mM L-ascorbic acid, 10 À8 M dexamethasone, and 10 mM b-glycerophosphate (all from SigmaAldrich). At predetermined time points, cells were collected by digestion with trypsin and transferred to a 24-well plate. Alkaline phosphatase (ALP) staining was carried out using a kit (Rainbow, Shanghai, China) according to the manufacturer's instructions. The expression of osteogenic differentiation marker genes such as ALP, runt-related transcription factor 2 (Runx-2), osteocalcin (OCN), and collagen type I (Col I) was assessed by real-time (RT-) PCR. RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and cDNA was synthesized with the OmniScript Reverse Transcription kit (Qiagen, Valencia, CA, USA). SYBR Green (Bio-Rad, Hercules, CA, USA) was used along with the Gene Amp 2400 system (Perkin-Elmer, Waltham, MA, USA) for PCR amplication. 45 
Statistical analysis
Data were analyzed using SPSS v.19.0 soware (SPSS Inc., Chicago, IL, USA). Continuous variables are expressed as mean AE SD. Between-group differences in demographic and clinical variables were evaluated by one-way analysis of variance, with the least signicant difference and Dunnett's post-hoc tests used for variables with homogeneous and heterogeneous variances, respectively. A P value < 0.05 was considered statistically signicant.
Results and discussion
Morphology and composition of microspheres
PLGA is biocompatible and biodegradable, applying in medicine for drug delivery and as biomaterials. However, poor hydrophilicity and acidic degradation products of PLGA limit its application.
7-9 Poor hydrophilicity results in slow degradation rate in water. Although the hydrophilicity of PLGA could be modied by adjusting the ratio of lactic acid and glycolic acid, 4, 46, 47 it is still undesirable. The novel S/O/Ns method we used is to solve the issues. The advantages of S/O/Ns were that we could not only fabricate PM loading specic drug, but bring HA nanoparticles self-assembled on the PM. Aer the fabrication, the morphology of PM, SR-PM, and SR-PM-HA was characterized by SEM. The porous structure could be clearly observed in three kinds of microspheres (Fig. 2a-c) . The surfaces of PM and SR-PM were smooth whereas that of SR-PM-HA was rough. This was because that nanoparticles were uniformly self-assembled on the microsphere surface (Fig. 2c) . The microspheres had an interconnected porous structure that was favorable for cell adhesion and proliferation (Fig. 2d) . Particle size distribution results showed that the sizes of three kinds of microspheres were similar. They ranged in sizes from 400-1000 nm, 4-20 mm, and 20-200 mm (Fig. 3) . The mean size was in the range of 20-200 mm. Generally, the size and the shape were appropriate for the further fabrication of porous microspheres.
In order to conrm that SR was loaded and HA nanoparticles were self-assembled on the microspheres, we analyzed microsphere composition AAS (Fig. 4) . PM did not contain Sr, P, or Ca; SR-PM contained Sr (0.92% AE 0.14%) but not P or Ca; and SR-PM-HA contained Sr (0.96% AE 0.15%), P (0.78% AE 0.15%), and Ca (0.21% AE 0.01%). The SR content of SR-PM and SR-PM-HA was 2.69% AE 0.46% and 2.81% AE 0.44%, respectively; and the HA content of SR-PM-HA was 19.6% AE 0.52% (Fig. 5) . These results indicate that SR was effectively encapsulated by PM and HA on the PM surface.
Degradation and drug loading-release property of SR-PM and SR-PM-HA
In an aqueous environment, PLGA is degraded by hydrolysis of its ester linkages into lactic and glycolic acids, which can activate an inammatory response. Microspheres with HA nanoparticles can neutralize the acidity of PLGA degradation products. Aer 2 weeks in solution, pH decreased markedly, with no difference observed between PM and PM-HA (Fig. 6) . However, in the subsequent 3 weeks, PM-HA stabilized the pH above 7.1. It is possible that alkaline HA nanoparticles released from PM quenched hydrogen ions that dissociated from lactic and glycolic acids.
ASS results showed that the SR content of SR-PM and SR-PM-HA was 2.69% AE 0.46% and 2.81% AE 0.44% (Fig. 5) . Real total weight of SR encapsulated in PM was regarded as A mg PM; the total weight of SR added to the PM formulation was 13.4 mg and the total amount of obtained PM was B mg. SR loading in microspheres was calculated with the following equations.
Encapsulation efficiency of SR-PM ¼ 54.02% AE 9.26% Encapsulation efficiency of SR-PM-HA ¼ 56.45% AE 8.35%
The percent cumulative release of SR from SR-PM was 90% in 22 days as compared to 85% from SR-PM-HA (Fig. 7) . In both cases the release was gradual, with no burst release observed. PLGA is a biocompatible and biodegradable material that can be used for drug delivery. 2, 4, 6, 48, 49 Drugs are released by diffusion, erosion of the polymer, or both. In our study, drug-loaded microspheres showed sustained rather than burst release, which is a desirable attribute for a drug carrier. The time-course of release from SR-PM can be described by rst-order kinetics (i.e., gradual decrease in release rate as the amount of remaining drug decreases) (Fig. 7) . However, SR-PM-HA exhibited zeroorder kinetics (i.e., release rate is constant even when the amount of remaining drug decreases). This is reasonable because nanoparticles self-assembled on the surface of microspheres are surfactants; moreover, microspheres with selfassembled HA nanoparticles have a large specic surface area and HA nanoparticles occupy a large portion of the microsphere surface, which could reduce the amount of drug that can bind. Finally, we concluded that HA nanoparticles could regulate the pH of the microenvironment with PLGA degradation, which causes local acidity; moreover, SR contains carboxyl, which dissolves in alkaline environments. This can explain the constant release rate of SR-PM-HA. We propose that the S/O/Ns method reduced the amount of drug on the microsphere surface and thereby prevented burst release. Self-assembled HA enabled sustained drug release from PLGA microspheres.
Biocompatibility and osteoinductivity of SR-PM-HA
MC3T3-E1 cells were cultured with PM, SR-PM, and SR-PM-HA for various times and proliferation was evaluated with the CCK-8 assay (Fig. 8) . Compared to PM, SR and SR-PM-HA showed no cytotoxicity. Moreover, aer 3 days, SR-PM and SR-PM-HA stimulated cell proliferation to similar degrees. These results indicate that the microspheres are biocompatible and are thus suitable as biomaterials. SR has been shown to induce preosteoblast growth 50 and has a positive effect on MC3T3-E1 cell proliferation and differentiation, consistent with our observations.
51 SR was also found to inuence cellular processes via interactions with calcium-sensing receptors, which leads to upregulation of ETS-related gene 1 and c-fos, two regulators of osteoblast proliferation.
52
The osteoinductive activity of PM, SR-PM, and SR-PM-HA was investigated by examining MC3T3-E1 cell differentiation aer 7 and 14 days based on ALP staining and the expression of osteogenic differentiation markers (Fig. 9) . At both time points, ALP staining intensity was highest for SR-PM-HA, followed by SR-PM and PM. We also examined the expression of the osteoblast markers ALP, Col I, OCN, and Runx-2 (ref. [53] [54] [55] by RT-PCR. Aer 3 days, there was no change in ALP expression in cells cultured with PM, SR-PM, or SR-PM-HA (P > 0.05). However, at 7 and 14 days, ALP level was higher in cells cultured with SR-PM-HA than in those cultured with SR-PM or PM(P < 0.05). Similarly, levels of Col I and OCN were highest in the SR-PM-HA group (P < 0.05), followed by SR-PM and PM at 14 days. Runx-2 expression was upregulated in cells cultured with SR-PM and SR-PM-HA at 3 and 7 days as compared to those cultured with PM (P < 0.05). The level was decreased at 14 days, although there were no differences observed between SR-PM and SR-PM-HA at any time point (P > 0.05) (Fig. 10) .
Osteoporosis is a systemic disease that is characterized by osteopenia and bone tissue damage, which increases bone fragility and risk of fracture.
56 Several pharmacologic options are available for osteoporosis treatment, including selective estrogen receptor modulators, bisphosphonates, calcitonin, strontium, and parathyroid hormone. Whereas most of these only inhibit bone resorption by osteoclasts, the latter two are dual-action bone agents that also induce osteogenesis by osteoblasts. [57] [58] [59] In the present study, SR stimulated osteogenesis, as evidenced by ALP staining and expression of osteogenic differentiation markers. Osteoblast differentiation is characterized by cell proliferation and matrix mineralization and maturation. ALP is mainly expressed in matrix vesicles or at the cell surface and degrades organic phosphoesters in cartilage and bone. 60 As differentiation proceeds, ALP expression gradually increases, peaking as cells enter the matrix maturation stage before decreasing during matrix mineralization. Col I is the most abundant component of mature osteoblasts. OCN is a late bone marker that plays an important role in bone mineralization, which is the nal step of osteogenesis. Thus, these three marker genes are sequentially expressed during osteogenesis. On the other hand, Runx-2 is expressed at an early stage. 53 ALP staining intensity and the expression of these markers were higher in cells cultured with SR-PM or SR-PM-HA than with PM, indicating that SR enhanced osteogenesis; this is likely achieved via activation of Wnt and other signaling pathways.
61 Our observation that SR stimulates the expression of osteoblastic differentiation markers is similar to previous ndings in primary murine osteoblasts 62 and is in accordance with reports that SR induces osteogenesis by increasing osteoblast differentiation and bone matrix synthesis and mineralization.
63-68
PM containing HA have excellent biocompatibility and can be used to engineer bone tissue, since they can enhance osteoblast migration, attachment, and differentiation. 69 We suggest that preparing PM by the S/O/Ns method can improve surface hydrophilicity and consequently, biocompatibility; moreover, HA may neutralize the acidity of PLGA degradation products and thus prevent burst release as well as an inammatory response. We also speculate that microspheres promote osteoblast attachment, migration, and differentiation by HA selfassembly on the PM surface and drug release.
HA has similar properties to bone minerals 70, 71 and has been used in biomaterials and as adsorbents or catalysts. [72] [73] [74] [75] [76] It is considered suitable for bone regeneration, particularly in orthopedic implants to accelerate the growth of surrounding bone without causing systemic toxicity or an immune reaction.
77,78
Various methods have been developed to generate HA molecules with specic crystallinity, particle size, and morphology. 79, 80 Owing to its biocompatibility, biodegradability, inorganic properties, and ease of fabrication, HA is not only by itself an excellent biomaterial for implants [81] [82] [83] [84] [85] but can also be combined with other materials for a variety of applications, such as implant coatings [86] [87] [88] [89] [90] 
